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Infrared spectroscopy,6-dichlor 1,3-benzothiazole (dHBBT) has very strong antifungal and antitumoral
properties in relation to human cancer cells. The aim of this research was to analyze the binding process of
dHBBT molecules to the lipid membrane formed from DPhPC at the air–water interface. The effect of dHBBT
on the organization of lipid membranes formed with diphytanoylphosphatidylcholine (DPhPC) was studied
with the application of monomolecular layer technique, FTIR spectroscopy and linear dichroism–FTIR. On the
basis of linear dichroism experiments the mean orientation angle θ between the molecular axis and the
normal to monolayer surface was determined. Mean value was calculated at θ=72° and indicates a horizontal
orientation of dHBBT molecules in the lipid membrane formed from DPhPC. dHBBT molecules have
considerable inﬂuence on the orientation of DPhPC acyl chains. The mean value of the angle between normal
to monolayer surface and the main axis of the acyl chain is approximately 45° for DPhPC, while for the lipid
monolayer containing dHBBT it is approximately 18°. Such extreme changes in orientation of acyl chains
indicate a clear inﬂuence of the relationship on the dynamic and structural properties of the monolayer
formed from DPhPC. Biological activity of dHBBT molecules is tightly associated with its molecular
organization. The results of the research presented in this work are potentially valuable in respect of the
development of pharmacologically active preparations of dHBBT.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Biologically active compounds such as 2-aryl-1,3-benzothiazoles
have anti-proliferative and antifungal properties and research on this
subject is being investigated atmany research centers around theworld
[1–4]. This work represents studies on 2-(2,4-dihydroxylphenyl)-5,6-
dichlor 1,3-benzothiazole which shows a very strong inhibitive action
towards cancer cell lines in humans [5]. The spectroscopic measure-
ments demonstrate that the processes of aggregation of molecules
(especially dimerisation) play a signiﬁcant role in the molecular
organization of the compound in the environment of lipid membranes
[6].
Electronic absorption and FTIR–linear dichroism spectroscopy
were used to study the molecular organization of dHBBT in organic
solvents and lipid membranes containing sterols. It was ascertained
that dHBBTmolecules formedmolecular aggregates not only in organic
solvents, but also in lipid membranes. Van't Hoff's dependence shows
that molecular dimers are most likely. These are also formed in lipid
membranes. A clear inﬂuence on pretransition (Lβ′→Pβ, ∼35 °C) andll rights reserved.themainphase transition (Pβ′→Lα,∼41 °C) in DPPC allows to conclude
that dHBBT has a strong inﬂuence on the dynamic property of the pure
lipid membrane. Molecular dimensions between adjacent chromo-
phores in the dimer formed by dHBBT were calculated using the
exciton splitting theory [7,8]. The mean angle between molecule main
axis and its dipole transition moment was calculated using linear
dichroism studies [6,9]. The results were used to determine the mean
value of the organizational angle between themolecularmain axis and
normal to lipid multilayer surface (61° in DPPC) [6].
Other studies revealed the effect of pH on the aggregation process
of dHBBT. The data obtained by FTIR spectroscopy provided informa-
tion on the inﬂuence of particular functional groups on the aggre-
gation process of dHBBT molecules. Molecular area (24 Å2) occupied
by a single dHBBT molecule as well as the aggregation effect were
calculated by UV–VIS spectroscopy together with Langmuir–Blodgett
technique [10]. Results presented in the paper refer to studies carried
out by means of monolayer technique and ATR–FTIR on binding
dHBBT to lipid DPhPC membrane.
DPhPC (Fig. 1B) is a lipidmainly used in biochemical studies as well
as for the creation of stable lipid bilayers [11]. Studies indicate that a
clear effect of the dHBBT molecules inﬂuences both the hydrophilic
and hydrophobic part of the lipid membrane. A better understanding
Fig. 1. Chemical structure of dHBBT (A) and diphytanoylphosphatidylcholine (B).
Fig. 2. Surface pressure increase after the injection of dHBBT beneath the mono-
molecular DPhPC layer at the initial surface pressure of 22 mN/m. Arrows indicate the
injection of 10 μl of dHBBT solution into 12 ml of buffer. After each injection the dHBBT
concentration in the subphase was increased by 1.33 μM. The solution of dHBBT was
prepared inwater alkalizedwith KOH to pH 9. Inset shows the effects of dHBBT injection
on the surface pressure changes. Temperature=25 °C.
2521M. Gagoś / Biochimica et Biophysica Acta 1778 (2008) 2520–2525of molecular dHBBT aggregation can have a profound inﬂuence on
deﬁning the pharmacological application of the drug.
2. Materials and methods
2.1. Chemicals
2-(2,4-Dihydroxylphenyl)-5,6-dichlor 1,3-benzothiazole used in the
research (dHBBT, see Fig. 1A) was synthesized at the Department of
Chemistry of the University of Life Sciences in Lublin [3,6]. dHBBT
(MW=312.17 g/mol) was recrystallized in 96% ethanol and puriﬁed by
means of HPLC, directly before use. A YMC C-30 column was applied
(length=250 mm, internal diameter=4.6 mm) and the solvent mixture
CH3-CN:CH3OH:H2O (72:8:3 by volume)was applied as amoving phase.
Diphytanoylphosphatidylcholine (DPhPC) was purchased from Avanti
Polar Lipids Inc. (USA). Chemicalswere stored in argon in a deep-freezer.
Ultrapurewaterwas obtained by passingdeionizedwater throughMilli-
Q equipment (Millipore, Bedford, MA). Solutions of dHBBT were
prepared in ultrapure water, and the pH of the solution was adjusted
to pH 9 so as to dissolve dHBBT with concentrated KOH solution.
2.2. Monomolecular layers
dHBBTwas dissolved in deionized (mQ)water alkalized to pH 9with
KOH and then centrifuged for 15min at 5000×g to removemicrocrystals
of the drug, still remaining in the sample. A stock solution of dHBBTwas
adjusted to 1 mg/ml. DPhPC lipids were dissolved in chloroform. Pure
lipid monomolecular layer was formed at the air–water interface.
Monolayers were formed at the air–water interface and the water
subphase was buffered with 10 mM Hepes, pH 7.2. Monomolecular
layers were formed in a Teﬂon trough (282 mm×75 mm) and were
compressed along the long side with speed of 15 mm/min. Surface
pressure was monitored by a computer-controlled tensiometer, model
KSV, Helsinki, Finland. Monomolecular layers were deposited onto a
solid support bymeans of the Langmuir–Blodgett technique (L–B ﬁlms),
with a speed of lift of 5 mm/min at a constant, computer-controlled
surface pressure. To remove residuals of water, thin L–B ﬁlms were
placed in a vacuum for 1 h. Before measurements the samples were
exposed for 30 min to air conditions (relative humidity 60%) to hydrate
components of themonolayers (dHBBTand lipids).Monolayer compres-
sion and deposition were carried out at 25±1 °C.
2.3. Infrared absorption measurements (FTIR) and linear
dichroism measurements
Infrared absorption spectra were recorded with the Fourier-
transform infrared (FTIR) spectrometer, model Bio-Rad FTS 185,equipped with an MCT detector and KBr beam-splitter. Before
measurements, the instrument was purged with CO2-free dry air for
40 min. The attenuated total reﬂection (ATR) conﬁguration was used
with a 10-reﬂection Ge crystal (45° cut). Typically, 200 interferograms
were collected, Fourier transformed and averaged. Absorption spectra
in the region between 4000 and 600 cm−1, at a resolution of one data
point every 2 cm−1, were obtained using a clean crystal as the
background. ATR crystals were cleaned with organic solvents and by
“Harrick” Plasma Cleaner for 30min. Glan-Taylor polarizer was used in
the IR polarization experiments. Spectral analysis was performedwith
Grams 32 software from Galactic Industries.
2.4. Interpretation of FTIR–linear dichroism measurements
Polarized FTIR beamwas used to obtain information on molecular
order and orientation. The dichroic ratio (R) is deﬁned as a ratio of the
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polarization [12]:
R ¼ AO
A8
¼ ∫AO mð Þdm
∫A8 mð Þdm ð1Þ
In practice, because of orientational ﬂuctuations of the molecules
in lipid bilayers, an ensemble of molecular orientations contributes to
the measured dichroic ratio. Therefore, it is convenient and customary
in membrane spectroscopy to analyze polarized IR spectra in terms of
the order parameters (S) deﬁned as:
S ¼ 3bcos
2θN−1
 
2
ð2Þ
where θ is the average tilt angle of the molecular axis with respect to
the axis perpendicular to the plane of the membrane (z axis). On the
other hand, S is related to the dichroic ratio by:
S ¼ E x
2 −RE y2 þ E z2
1
2 3cos
2α−1ð Þ E x2 − RE y2 − 2E z2
  ð3Þ
where α is the angle between the transition moment of the
investigated vibration and the longest axis of the molecule [13–15].
The values of E2x=1.99, E2y=2.13, E2z=0.59 [16,17].3. Results and discussion
3.1. Monomolecular layers at the air–water interface
Monomolecular layer technique was applied to study the effects of
binding dHBBTmolecules to the monolayer formed from DPhPC at the
air–water interface. Fig. 2 presents the effect of the injection of dHBBT
solution into the subphase on the surface pressure increase at the air–
water interface. Initial surface pressure of 22 mN/mwas selected to beFig. 3. ATR–FTIR absorption spectra recorded from the Langmuir–Blodgett monomolecular ﬁ
formed at the air–water interface. Monolayer was compressed and stabilized at the surface p
injection of water solution of dHBBT (pH 9) into the subphase (solid line). Final concentration
(solid fat line). Temperature=25 °Ccertain that after injection the increase of surface pressure does not
extort creation of bilayer or multibilayer (crossing of collapse sp.
∼45 mN/m). As expected, only a small fraction of dHBBT molecules
from subphase should be able to penetrate the monolayer, taking into
account quite high initial surface pressure value (i.e. 22 mN/m). In
view of the presented results [6], it is therefore highly probable that
after the ﬁrst injection at those concentrations, the dHBBT molecules
remain in the monomeric form in subphase showing surface activity
only in relation to lipid membrane. Injection of dHBBT into the
subphase in the absence of any lipid ﬁlm resulted in no surface
activity. An increase of surface pressure (approximately 4.7 mN/m)
after the ﬁrst dHBBT injection under the DPhPC monolayer demon-
strates the compound binding into the lipid membrane. Subsequent
injection of the same dHBBT amounts resulted in decreasing Δπ
values. Analysis of the dHBBT compression isotherm shape suggests
that, at surface pressures above 20 mN/m, the molecules are mainly
able to adopt a vertical orientation in themonolayer [10]. Based on the
study of FTIR data presented below, it can be assumed that dHBBT
molecules interact both on the surface with heads of polar lipids and
with the hydrophobic part of the lipid membrane. Vertical orientation
of dHBBT molecules may lead to the aggregation effect in the lipid
membrane [10,16].
3.2. FTIR and FTIR–linear dichroism experiments
The monolayers discussed above, were also studied by ATR–FTIR
spectroscopy. Themonomolecular layers formed from dHBBT contain-
ing DPhPC lipidwere deposited by Langmuir–Blodgett technique (L–B)
on the surface of theGe crystal (10-reﬂections). The studywas aimed at
analyzing the interactions between dHBBT molecules and the lipid
membrane. Spectroscopic analysis of the monolayer formed from
dHBBT is presented in the study [10]. Fig. 3 presents ATR–FTIR spectra
after baseline correction: monolayer formed from pure DPhPC as well
as monolayer formed from DPhPC, under whose surface dHBBTlms deposited at two sides of a Ge crystal from the lipid monomolecular layer of DPhPC
ressure of 22 mN/m (dashed line). The DPhPC ﬁlmwas deposited to the crystal after the
of dHBBT in the subphase 1.33 μM. Subtracted spectrum: dHBBT in DPhPCminus DPhPC
Fig. 5. Polarized ATR–FTIR absorption spectra recorded from the Langmuir–Blodgett
monomolecular ﬁlms of dHBBT deposited on two sides of a Ge crystal. The ﬁlms were
deposited from the monomolecular layer of dHBBT at the air–water interface at the
surface pressure of 25 mN/m. The spectrum recorded with parallel polarization of the
electric vector of radiation with respect to the plane of incidence is plotted in panel A
and the perpendicular polarization in panel B. To perform an accurate curve ﬁtting of
the spectra a Gaussian function had been applied. Integrated spectral band (solid fat
line) corresponding to the ν(C_N) vibration. The residuals are reported at the bottom
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the surface, the monolayer was deposited onto the surface of the Ge
crystal by the L–B technique (surface pressurewas stabilized at 22mN/
m). The spectral changes can be observed within the whole range. A
wide band within the 1680–1530 cm−1 range is associated with the
stretching vibrations of the C_N group (1624 cm−1) and the skeletal
vibrations of C_C bonds in the plane of ring (1594 and 1568 cm−1) [10].
Wide strong band with maximum at 1230 cm−1 corresponds to
asymmetric stretching vibrations of the PO2– group in the DPhPC.
Symmetric vibrations of that group can be foundwithin 1127–1074 cm
−1. Binding the dHBBT molecules to lipid monolayer formed from
DPhPC caused considerable changes within the discussed ranges,
which proves the inﬂuence of the compound on the hydrophilic part of
the lipid membrane. A spectral shift towards higher frequencies by
Δν=3 cm−1 of the band of valence vibrations of the C_O bonds (of the
monolayer contained dHBBT) is probably connected to the effects of
the interaction of the dHBBT molecules with the lipid's ester group
[11].
Fig. 4 shows a Gaussian analysis of the parts of the spectrum
corresponding to the ν(C_O) vibrations earlier presented in Fig. 3.
Panel A presents the spectrum of monolayer formed from pure DPhPC.
As can be seen the maximum at 1735 cm−1 is a summation of
component bands centered at 1740,1730 and 1713 cm−1. Thosemaxima
are corresponding to sn-1, sn-2 and hydrogen bonding sn-2 carbonyl
groups [18–20]. After incorporation of dHBBT molecules into the lipid
membrane (panel B) a spectral shift to higher frequencies (1738 cm−1)
is observed. This effect could be attributed to the decrease of the
absorbance assigned to the sn-2 carbonyl group centered at 1730 cm−1.
In addition, the increase of absorbance centered at 1713 cm−1 pro-
bably indicates hydrogen bonding of the sn-2 carbonyl group with
the dHBBT molecule (C_O…HO–). A more precise explanation may
be attributed to the polarity effect, assuming that the sn-2 carbonyl
group is closer to the PO2− group. Interaction of dHBBT molecules
with PO2−group was observed as changes in band with a maximum at
1230 cm−1. It is probable that the localization of dHBBT molecules in
the polar zone of the membrane also has inﬂuence on the sn-2
carbonyl group. Simultaneously we observed two absorption bands in
the region characteristic for asymmetric stretching vibrations of N-
CH3 in the choline group at 951 and 970 cm−1 (inset in Fig. 3). In allFig. 4. ATR–FTIR absorption spectra of the ν(C_O) region recorded from the Langmuir–
Blodgett monomolecular ﬁlms of DPhPC (A) and DPhPC containing dHBBT (B; see Fig. 3).
of each panel. Temperature=25 °C.likelihood dHBBT molecules interact with both the phosphate and
choline group. The sn-1 group is more deeply buried in the hydro-
carbon chain matrix.
Symmetric and asymmetric stretching vibrations of CH2 and CH3 in
the lipid's acyl chains can be observed as intensive bands with
maxima within the 2800–3000 cm−1 range. Peaks at 2957.6 and
2871.1 cm−1 have lower intensities, which can be associated with
stretching asymmetric and symmetric vibrations of CH3 in spectrum
of dHBBT incorporated into the lipid monolayer. Spectral shifts of the
bands of symmetric and asymmetric stretching vibrations of CH2 are
observed for DPhPC monolayer containing dHBBT [11]. For monolayer
formed from pure DPhPC, νs=2853.8 cm−1 and νas=2926.9 cm−1. After
incorporation of dHBBT to the DPhPC monolayer νs=2852.6 cm−1 and
νas=2926.3 cm−1 (measure wavenumber accuracy ∼0.9 cm−1).
The shift to lower frequency is also representative for more tightly
packed tails. The above-discussed results may lead to the conclusions
on the apparent inﬂuence of dHBBT on the hydrophobic core of the
lipid membrane as well. These results conﬁrm studies carried out
earlier, indicating the effect of the compound on dynamic properties
of the lipid membrane [6]. The increase in absorbance of the broad
band in the region 3000–3300 cm−1 in the spectrum of the monolayer
formed from DPhPC containing dHBBT (Fig. 3) suggests the possibility
of the formation of hydrogen bonds of the compound in the lipid
membrane. Most probably the association process between dHBBT
Fig. 6. ATR–FTIR absorption spectra recorded from dHBBT containing the Langmuir–
Blodgett monomolecular ﬁlms deposited from the lipid monomolecular layers at the
air–water interface. Monolayer was compressed to the surface pressure of 22 mN/m
composed in the same condition as in Fig. 3. The electric vector of the IR radiation was
polarized parallel (A) and perpendicular (B) with respect to the plain of incidence. The
Langmuir–Blodgett monomolecular ﬁlms were deposited from the lipid monolayers
25 min after the injection of dHBBT into the subphase. Integrated spectral band (solid
fat line) corresponding to the ν(C_N) vibration. The residuals are reported at the
bottom of each panel. Temperature=25 °C.
Fig. 7. Polarized ATR–FTIR absorption spectra recorded from the Langmuir–Blodgett
monomolecular ﬁlms deposited at two sides of a Ge crystal from the lipid
monomolecular layers (the same condition as in Fig. 3): DPhPC formed at the air–
water interface, compressed to the surface pressure of 22 mN/m (B) and the DPhPC
ﬁlm deposited to the crystal after the injection of dHBBT into the subphase (A). Spectra
were recorded with polarization: perpendicular (solid line) and parallel (dashed line).
The spectral region presented corresponds to the stretching vibrations of CH3 groups
(νs 2872 cm−1, νas 2958 cm−1) and CH2 groups (νs 2853 cm−1, νas 2927 cm−1).
Table 2
Mean orientation angle (θ) of the molecular axis along the CH2 acyl chains of DPhPC in
monomolecular layers formed with DPhPC, with respect to the axis normal to the plane
of the ﬁlm, determined on the basis of linear dichroism measurements (Eq. 3)
Membrane Vibration Band Dichroic S α θ
2524 M. Gagoś / Biochimica et Biophysica Acta 1778 (2008) 2520–2525molecules and also dHBBT–lipid interaction (e.g., lipid ester C_O…
HO– from the para position in resorcinol ring) may be important in
the molecular organization of dHBBT molecules in lipid membranes.
This is also conﬁrmed by the band at 1342 cm−1 responsible for
bending vibrations of the –OH group (absent in the spectrum of the
pure lipid membrane).
ATR–FTIR linear dichroism measurements provided information
on the orientation of dHBBT molecules in DPhPC membranes. Fig. 5
presents the polarized IR absorption spectra of monomolecular layers
formed from pure dHBBT, deposited by the L–B technique on the ATR
support. The spectra underwent curve ﬁtting with the same initial set
of Gaussian components. As can be seen this component centers at
1625 cm−1 and is responsible for the band of valence vibrations of the
C_N in the dHBBT ring. The monolayer had been deposited at surface
pressure close to 25 mN/m to assure vertical orientation of the dHBBT
molecules at the support. This assumption is supported by theTable 1
Orientation angle (θ) of the long molecular axis of dHBBT bound to monomolecular
layers formed with DPhPC, with respect to the axis normal to the plane of the ﬁlm,
determined on the basis of linear dichroism measurements (see Fig. 5) and Eq. (2)
dHBBT Vibration Position Dichroic ratio Order parameter α θ
in (cm−1) R S (degrees) (degrees)
DPhPC ν(C_N) 1624 1.15 −0.35 46 72
±SD: S (±0.05), α, θ (±4°).isotherm of compression of the monomolecular layer formed with
pure dHBBT. At surface pressure of more than 20 mN/m, dHBBT
molecules are oriented perpendicular to the surface of the water and
create a solid state ﬁlm [10]. Assuming the same arrangement on
crystal surfaces also, it can be accepted that themean value of an angle
between the molecule's main axis and normal to crystal's surface is
θ=0°. The dichroic ratio (Eq. 1) resulting from the integration of the
Gaussian component for the band with maximum at 1625 cm−1 and
associated with stretching vibrations of C_N bond in dHBBTmolecule
(Fig. 5) is R=1.232. Applying the theory expressed by Eqs. (2) and (3), a
mean value of the angle α=58.1° (±4°) may be calculated, between the
transition moment of the investigated C_N vibration and the longestcomposition ν(CH2) position ratio (degrees) (degrees)
(cm−1) R
DPhPC s 2853.80 1.116 0.259 90 44.6
as 2926.91 1.121 0.244 45.2
DPhPC+dHBBT s 2852.57 0.959 0.872 17.0
as 2926.26 0.966 0.837 19.2
The table also presents the orientation angle in the case of the lipid ﬁlms deposited from
monolayers after injection of 1.3 μM dHBBT into the subphase (deposited after time
required for equilibration of the system). Angle α has been arbitrary taken as 90°
according to the literature data [21].
±SD: S (±0.03), θ (±2°).
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possible to calculate the average tilt angle θ of the molecular axis with
respect to the axis perpendicular to the plane of the membrane [16].
Fig. 6 presents polarized IR absorption spectra of the monolayer
formed from DPhPC containing dHBBT (the same conditions as in Fig.
3). Monolayers were deposited by the L–B technique at surface
pressure stabilized by 22 mN/m. Analysis of spectrum in the 1800 to
1400 cm−1 range for mixed monolayers of lipid with dHBBT revealed
changes in the intensity and shape of bands within the range.
Calculation of the dichroic ratio for the C_N vibration band of
Gaussian component placed at 1624 cm−1, permits the calculation of
the mean value of θ angle between dHBBT main molecular axis and
normal to surface of the lipid membrane. Results from these
calculations are presented in Table 1. Average angle θ=72° (±4°) for
dHBBT molecules oriented in lipid monolayer [6].
Based on the presented results, it can be assumed that dHBBT
molecules are organized in lipid membranes both on its surface as
well as within the hydrophobic core. An effect of dHBBT on alkyl
chains of DPhPC can also be observed in the spectral region between
2800 and 3000 cm−1, corresponding to the C–H stretching vibrations
of the methyl and methylene groups. Polarized IR absorption spectra
of monolayers formed from pure DPhPC and DPhPC containing dHBBT
(total concentration 1.33 μM) can be seen in Fig. 7. For the purpose of
the investigation only the most intensive band corresponding to the
symmetric and asymmetric stretching vibrations of CH2 groups (band
positions presented in the Table 2) was taken. The average orientation
angle θ, corresponds to the angle of the cone in which the segmental
motions of the lipid acyl chains take place (in principal the trans-
gauche isomerization). For the symmetric and asymmetric CH2
stretching vibrations α=90° (in this case α is the average angle
between the transition moment of the investigated CH2 vibration and
the longest axis of the acyl chain) [12,21].
Table 2 presents the results of the linear dichroism determinations
of molecular order in the lipid monolayers. As can be seen, mean θ
value is approximately 45° (±2°) for pure monolayer, and approxi-
mately 18° (±2°) for lipid monolayer containing dHBBT [16,17]. Such
changes in lipid's acyl chains orientation indicate that dHBBT
signiﬁcantly affects the dynamic and structural proprieties of lipid
membranes. It is concluded that dHBBT molecules organized in the
lipid phase exert a pronounced ordering effect with respect to the acyl
lipid chains. Interaction of dHBBT with a lipid matrix is based upon
van derWaals interactions between the acyl chains of the lipid and the
drug molecules.
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